Abstract. Capture-recapture estimations compare the results of 2 or more independent surveillance systems for the same event, and by measuring the degree of overlap between them, provide an estimate of the total number of events, and therefore the completeness of ascertainment in each system. The Puerto Rico Department of Health and the Dengue Branch of the Centers for Disease Control and Prevention (CDC) monitor dengue activity in Puerto Rico through 2 distinct surveillance systems: diagnostic specimens from patients with suspected dengue and infection control nurses' reports on patients hospitalized for suspected dengue. The patient listings from these systems were used in a 2-sample, capture-recapture calculation to estimate the total number of persons with suspected dengue hospitalized from 1991 to 1995. The laboratory positivity rate for suspected dengue cases who submitted appropriately timed serum samples in those years ranged from 72.1% to 81.2%. The laboratory-based (diagnostic sample) surveillance system (routinely used to monitor hospitalizations for suspected dengue) detected an average of 1,197 hospitalized cases during non-epidemic years, and 4,329 cases during the epidemic year of 1994. The detection rate of this system averaged 42% of the numbers derived by the capture-recapture method. In non-epidemic years, an estimated average of 2,791 patients (range ϭ 1,553-3,481) was estimated to have been hospitalized with a clinical diagnosis of dengue, compared with 9,479 during 1994. These results demonstrate the under-detection inherent in passive surveillance systems for hospitalized cases of suspected dengue, and illustrate the value of capture-recapture techniques to better estimate the true incidence of hospitalizations for this disease.
Dengue fever is an acute mosquito-transmitted viral disease of tropical and many subtropical areas. Its typical manifestations are fever, headache, eye pain, severe joint and muscle pain, and occasionally rash and mild hemorrhagic manifestations. Less frequently, infection may result in dengue hemorrhagic fever or dengue shock syndrome (DHF/ DSS). 1 Dengue shock syndrome may produce case fatality rates Ͼ 10%. 2 The dengue virus has four serotypes, and infection with one serotype does not fully protect against a subsequent infection with a different serotype; a second, heterotypic, infection increases the risk of more severe disease. 1, 3 In the past 40 years, the geographic range, frequency, and severity of dengue epidemics have increased markedly. 4 Surveillance for the disease must therefore be able to detect such changes in incidence and clinical picture. Passive surveillance systems rely on health care providers to voluntarily report cases, and usually provide an undercount of cases. They may also reflect variable reporting over time and in different geographic locations; thus, it may be difficult to distinguish real changes in disease rates from artifacts of the reporting system.
Capture-recapture calculations are increasingly being used to estimate the true size of a population and the number of cases missed by the surveillance systems. [5] [6] [7] Capture-recapture estimations (initially designed to study free-ranging animal populations) compare the results of 2 or more independent surveillance systems for the same event, and by measuring the degree of overlap or duplication between them provide an estimate of the total number of events, and therefore the completeness of ascertainment in each system. 8 Because the method makes use of existing data, it is efficient and cost-effective. As indicated in a recent extensive review * The Puerto Rico Association of Epidemiologists (Asociación de Epidemiólogos y Epidemiólogas de Puerto Rico) is a multidisciplinary, voluntary association of professionals dedicated to the practice of epidemiology and infection control in Puerto Rico.
of the subject, capture-recapture methods have been applied to study the completeness of reporting for a broad range of conditions, such as seizure disorders, cancer, congenital rubella syndrome, human immunodeficiency virus infection, and dog bites. 9 The more sources of data available, and the use of log-linear modeling (feasible when 3 or more sources can be found) allow more reliable estimates. The only published study of the validity of a 2-source estimate showed that the estimated number (201, 95% confidence interval ϭ 167-235) of Down's syndrome cases in Hamilton County, Ohio was statistically consistent with the number established after an exhaustive study of all known sources (173). 9, 10 Nevertheless, studies using only 2 surveillance systems, although considered more useful than multiple-source analyses, must be conducted carefully to avoid potentially dependent sources, and therefore biased estimates. 9, 11, 12 A comprehensive review of hospital records in Puerto Rico to search for suspected dengue as a reason for hospitalization would require a record-by-record review of admissions because there is no island-wide database for all hospitalizations. In addition, dengue patients are often admitted and discharged with descriptive diagnoses, such as thrombocytopenia and fever. A prospective study that would accurately identify suspected and confirmed dengue cases in Puerto Rico would require that every admitting physician in a representative sample of hospitals adhere strictly to a uniform case definition for suspected dengue, and perform standard physical examinations and laboratory tests up to the period after the patient's hospital discharge. In contrast, Puerto Rico has unique population-based surveillance systems for severe dengue that include diagnostic laboratory testing for the infection, and voluntary reports of clinical information on hospitalized cases. We therefore used capture-recapture calculations to estimate hospitalizations for suspected dengue in Puerto Rico using data from 2 reporting systems. The ascertainment rates of the laboratory-based surveillance system, the hospital-based surveillance system, and the aggregate of the 2 were determined, and compared with the results obtained when databases were stratified, to investigate the effect of dependency among the 2 surveillance systems. Finally, the 2 surveillance systems were examined for their variability compared with the capture-recapture estimates of true population size.
METHODS
This project was reviewed by the Human Subjects Coordinator at the National Center for Infectious Diseases, Centers for Disease Control and Prevention (CDC), and determined to be an evaluation of public health practice that did not require institutional board review.
Surveillance and laboratory methods. The Surveillance System of the Puerto Rico Department of Health (PRDH) and the Dengue Branch, CDC (San Juan, PR) receives diagnostic specimens from government clinics, public and private hospitals (n ϭ 56), laboratories, and physicians' offices throughout Puerto Rico. To evaluate the clinical severity of reported cases, the case investigation form includes information on whether the patient had any hemorrhagic manifestations or was hospitalized. In a separate reporting system, infection control nurses (ICNs) at public and private hospitals throughout the island (the Puerto Rico Association of Epidemiologists) voluntarily provide additional clinical information on inpatients with the diagnosis (or consideration) of dengue fever. The laboratory methods for dengue diagnosis at the CDC Dengue Branch have been previously described in detail. 13 Briefly, a reported case of dengue was defined as a person with any illness diagnosed as dengue by a health care professional and reported to health authorities. Laboratory-positive cases are those whose diagnostic specimens were positive for virus isolation, anti-dengue IgM, anti-dengue IgG at titers Ն 163,540, or antigen detection by immunohistochemistry. An indeterminate case is a reported case in which the etiology of the disease remains unknown because the acute-phase serum was drawn before IgM antibody was expected to increase to significant levels, it did not yield virus, and no convalescent-phase sample was submitted, or because the sample was not processed due to the laboratory priority criteria. 13 Capture-recapture calculations. Using the PRDH-CDC surveillance systems, a 2-sample, capture-recapture technique was used to estimate the number of patients hospitalized in Puerto Rico with a suspicion of dengue. The information from both sources had been entered into computer databases, and was available from 1991 to 1995. The data from the laboratory-based (diagnostic sample) surveillance system included identifying data (name, address, sex, date of birth, hospital, date of onset of symptoms, and date of sample), a unique identifying code (assigned by CDC), and the results of testing. The hospital-based (ICN report) surveillance system included similar identifying data (name, address, sex, date of birth, hospital, dates of onset of symptoms and hospitalization) and a checklist of clinical findings. Cases were included in the year when symptoms began. While all of the ICN reports came from hospitalized patients, the CDC receives diagnostic samples from both hospitalized and non-hospitalized patients. We used a computer-generated, random, 10% sample of the 1995 cases to verify that cases reported as hospitalized with the diagnostic samples were actually admitted. The ICNs located the specific patient charts in their medical records department and reported on the outcome.
Duplicate records in each system were eliminated by sorting by paternal last name and visually scanning for duplicate records, then resorting by maternal last name and rechecking. The hard copies of the original data forms were consulted to determine whether presumed duplicates were different patients. The reports from ICNs were then matched to the diagnostic sample reports by paternal name, maternal last name, given name and date of onset of illness (within a 2-week period). Minor spelling differences in names, such as s for z, were ignored. These matches were confirmed by ensuring that records also matched on at least 2 of the following criteria: address, birth date, hospital, or sex. For matched records, the unique identification (ID) code from the diagnostic samples was entered into the record of the ICN report. Finally, those ICN records that remained unmatched were again checked using computer sorting and visual inspection to ensure no matches had been missed. The ICN and diagnostic sample reports with identical ID numbers were linked, and the number of matching records was then counted.
The capture-recapture estimate of the number of patients hospitalized each year with a suspicion of dengue was calculated using the formula: estimate of N ϭ N(est) ϭ (C1 ϫ C2)/m, where C1 and C2 are the number of patients reported through the diagnostic samples and ICN reports, respectively, and m is the matches or number of patients reported by both systems. 7 The following formulae were used to calculate the variance (var) and 95% confidence interval (CI) for the estimate of N: var (N(est)) ϭ (C1 ϫ C2(C1 Ϫ m)(C2 Ϫ m))/m 3 and 95% CI ϭ N(est) Ϯ 1.96 ͙var(N(est)). 7 Finally, to examine for dependency of data sources, the databases were stratified into cases reported by hospital type (private or public), and the above formulas were used to calculate hospital type-specific estimates of N. These estimates were then summed to determine a stratified estimate of N.
RESULTS
Reports from both databases were similar with respect to mean age, sex ratio, peak months of reporting, and percentage of reports received from private hospitals ( Table 1 ). The majority (72.1-81.2%) of suspected dengue cases who submitted appropriately timed serum samples to the CDC Dengue Branch from 1991 to 1995 (i.e., laboratory-positive cases divided by the total of laboratory-positive and -negative cases) were laboratory-positive. The status of cases reported as hospitalized by the laboratory-based surveillance system was confirmed in 136 (91.9%) of the 148 randomly sampled cases for 1995. The capture-recapture calculations estimating the number of patients hospitalized with a suspicion of dengue from 1991 through 1995 are shown in Table 2 . In nonepidemic years, it was estimated that an average of 2,791 patients (range ϭ 1,553-3,481) were hospitalized with a clinical diagnosis of dengue, and during the epidemic year of 1994 it was calculated that 9,479 patients were hospital- ized. The stratified analysis by hospital type yielded estimates that were 1.8-10.2% higher than the non-stratified estimates (Table 3) . Table 4 reports the percentage ascertainment for the individual and aggregate surveillance systems as compared to the capture-recapture recalculations; the ascertainment rate based on the number of cases reported by the laboratory-based surveillance system (the measure routinely used to monitor hospitalizations for suspected dengue) was on average 42.3% of the incidence calculated by capture-recapture methods.
DISCUSSION
Four major assumptions must be fulfilled for the 2-capture method to produce reliable results in estimating the hospitalizations for suspected dengue. 5, 7, 9, 11 The first assumption is that the population in question is closed to migration. Since Puerto Rico has surveillance systems in place throughout the island, and dengue is an acute disease for which patients do not seek hospitalization in the United States, it is unlikely that immigration or emigration affected our results. In addition, the requirement that the date of onset of illness reported by the hospital-based and the laboratory-based surveillance systems differ by less than 2 weeks further assured that the surveillance systems were reporting the same illness episode.
The second assumption is that the capture records are accurate and all true matches are located. The database was cleaned to remove duplicate records and the matching was done carefully and repeatedly in a standardized fashion, as described above, to ensure the accuracy of the match. While all of the ICN reports were from hospitalized patients, the laboratory received diagnostic samples from both inpatient and outpatient sources. A computer-generated random sample of the reports from 1995 (148 records) confirmed hospitalization in 91.9% of the cases reported as hospitalized.
The third assumption is that the recapture source be independent of the capture source. This implies that the probability of a diagnostic sample being taken from a patient is independent of the probability of an ICN report being submitted for that patient. Since the ICNs do not submit diagnostic samples, and the hospital personnel taking the samples do not know which patients will have ICN reports completed, the sources appear to be independent.
Finally, the fourth assumption is that all patients hospitalized with a suspicion of dengue have the same probability of being captured by the surveillance systems. The similar ages, sex ratios, and months of reporting suggest no differences in sampling. However, the finding that most ICN reports and diagnostic samples were received from private hospitals implies that patients presenting to private hospitals had a greater probability of being captured by both systems than patients presenting to public hospitals. This positive dependency would lead to an underestimate of population size. One way to investigate dependency is with a third sample; however, this was not possible because the PRDH-CDC have only 2 surveillance systems to compare. Stratification was therefore used as an approach to better estimation. As shown in Table 3 , stratification by hospital type (public or private) yielded higher results (an annual average of 5.6% higher), which is consistent with our prediction of positive dependency. It is probable that other factors influenced capture probability. For example, it is likely that patients with more severe disease were captured by the surveillance systems.
Because positive dependency leads to an underestimation of population size, and it is difficult to remove all sources of dependency, the results may be considered the lower limit of true population size. 7 In addition to the problem of bias, false-positive cases inflate capture-recapture estimates. 14 There are 2 potential measurement errors in this calculation. First, the erroneous inclusion of diagnostic samples from outpatients (reported as hospitalized) overestimated the number of hospitalized patients detected by the laboratory-based system by approximately 8%. In addition, the capture-recapture analysis is calculated from surveillance data that report on cases of suspected dengue. Most cases reported with appropriately timed samples from 1991 to 1995 were laboratory positive, but because of the nonspecific presentation of many dengue cases and the absence of a simple and sensitive screening test for dengue, the capture-recapture calculations must be interpreted with caution as cases of suspected dengue rather than laboratory-confirmed dengue.
The primary objective of this study was to better estimate the number of patients hospitalized in Puerto Rico for suspected dengue. In non-epidemic years, it was estimated that an average of 2,791 patients (range ϭ 1,553-3,481) were hospitalized with a clinical diagnosis of dengue, and during the epidemic year of 1994 it was calculated that 9,479 patients were hospitalized. Capture-recapture was also used to estimate the degree of underascertainment in the reporting systems. The laboratory-based surveillance system for patients hospitalized with a suspicion of dengue detected from 31.0% to 47.2% of the cases calculated with the capturerecapture technique (Table 4 ). The hospital-based surveillance system, which requires considerable additional work from ICNs in hospitals and from CDC staff, only improves the ascertainment from 51.5% to 57.6%. These results demonstrate the underdetection inherent in the existing passive surveillance systems, even taken in aggregate, and illustrate the value of the capture-recapture technique to estimate the true incidence of hospitalizations for suspected dengue.
Finally, capture-recapture can be used to evaluate the variability of ascertainment in passive reporting systems, which fluctuate with respect to such factors as the reporters, disease awareness, or time availability. Disregarding 1993, an unusually dry year with low dengue incidence, and the epidemic year in 1994, Table 3 shows a consistent increase in the number of diagnostic samples received. However, ascertainment of the laboratory-based surveillance system (the measure traditionally monitored to estimate hospitalizations for suspected dengue) is relatively consistent for these years at an average 42% (Table 4 ). This implies that the increased incidence is real and not due to increased reporting. In addition, while the laboratory-based surveillance system underreports disease incidence, the system is consistent with respect to the proportion of cases it detects. The hospitalbased surveillance system, on the other hand, displayed much greater variability of ascertainment (ranging from 12% to 27%) and did not accurately reflect disease trends. We found the direct capture-recapture calculation of population size to be reliable, because the adjustment for positive dependency (ϩ5.6%) and erroneous inclusion of outpatients (Ϫ8.1%) nearly cancelled each other.
Despite a history that dates back at least 200 years, dengue is considered an emerging disease. This label is warranted due to the marked geographic spread and frequency of epidemics of the disease in recent years. Dengue, as other diseases with a long history, is emerging today because of profound changes in society, demographics, the environment, and technologies, all of which affect hosts, agents, and vectors. Surveillance systems for dengue/DHF must also change with the evolving disease patterns. Since surveillance data are the basis for rational public health decisions, trustworthy and timely information is needed. Capture-recapture is an efficient and cost effective method to improve dengue surveillance as it takes advantage of existing data to better estimate the number of hospitalizations for suspected dengue.
